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Materials
All mutants were generated in the 17X-PTDH background 1 . The 16 total mutations in TS-PTDH compared to wt-PTDH from P. stutzeri are D13E, M26I, V71I, E130K, Q132R, Q137R, I150F, Q215L, R275Q, L276Q, I313L, V315A, A319E, A325V, E332N, and C336D. The 17X mutant has one additional mutation (E175A) that allows the protein to use both NAD+ and NADP; it is this protein that is most versatile for cofactor regeneration [note that this enzyme is called 12X in references 1 and 2 but actually contains 17 mutations].
Preparation of PTDH Mutant Constructs.
The mutants were prepared by the polymerase chain reaction (PCR) using QuikChange mutagenesis (Agilent). The primers used to incorporate the mutations are provide below, along with their reverse complement strands, which are not shown: M53A: 5'-CG ATG ATG GCG TTC GCG CCC GAT CGG GTC G-3'; M53L: 5'-CG ATG ATG GCG TTC TTG CCC GAT CGG GTC-3'; M53N: 5'-CAG GCG ATG ATG GCG TTC AAT CCC GAT CGG G-3'. The mutated codon is underlined in each case. Once the mutant genes were constructed, they were sequenced in their entirety to ensure that the desired mutation was incorporated and no other mutations were generated.
Overexpression and Purification of PTDH mutants.
Chemically competent E. coli BL21 (DE3) cells were transformed with plasmids containing the desired gene in pET15b and plated on a LB agar plate containing 100 µg/mL ampicillin. A single colony was picked and used to inoculate an overnight culture (50 mL). The cells were harvested by centrifugation, resuspended in 1 L of LB/ampicillin and grown at 37 °C to OD 600 nm = 0.6. IPTG was added to the culture (0.3 mM final concentration), which was incubated at 18 °C for 16-20 h. Cells were then pelleted by centrifugation (8,000xg, 30 min), resuspended in 20 mM Tris pH 7.6, 0.5 M NaCl, 10% glycerol (v/v), and stored at −80 °C. The frozen pellet was then thawed on ice and lysed using an Avestin Emulsiflex-C3 Homogenizer (7500 Psi,6 passes). The insoluble lysate was removed by centrifugation (15,000xg, 30 min), and the soluble lysate was passed through a 0.44 μm filter. The enzyme was purified via FPLC (Äkta) by immobilized metal affinity chromatography (IMAC) with a HisTrap HP Ni 2+ -affinity column (GE Life Sciences). The column was washed with 5 column volumes (CV) of buffer A, followed by a gradient to 40% buffer B over 5 CV, and another gradient of 2 CV to 100% buffer B. (Buffer A: 20 mM Tris pH 7.6, 100 mM NaCl, 10 mM imidazole, 10% glycerol (v/v); buffer B: 20 mM Tris pH 7.6, 100 mM NaCl, 500 mM imidazole, 10% glycerol (v/v)). Fractions containing 17X-PTDH were identified by activity assay and analyzed by SDS-PAGE. The highly pure fractions were pooled and concentrated using centrifugal filtration (Amicon membrane, 30 kDa molecular weight cutoff; Millipore), followed by buffer exchange or dialysis to 20 mM MOPS pH 7.6, 100 mM KCl, 10% glycerol. The protein solution was then flash frozen and stored at −80 °C. Protein concentration was determined using the calculated extinction coefficient for 17X-PTDH, 28,000 M -1 cm -1 3 . All buffers used for SeMet PTDH preparation were supplemented with 5 mM dithiothreitol (DTT) to prevent selenomethionine oxidation.
Preparation of QM/MM model
The model of PTDH used in QM/MM simulations was prepared based on the crystal structure 4E5K 4 . Missing residues, sequence mismatches and sidechain flips identified by WHATIF are given in Table  S6 . Manual inspection of the crystal structure and predictions made by the PROPKA 5 program were used to assign the protonation states of titratable residues in the enzyme. The results are given below. Special attention was paid to the protonation of histidine residues as they can be singly protonated on either ND1 or NE2, or doubly protonated. The CHARMM residue name HSE indicates that the residue is protonated at NE2, HSD indicates that the protonation is at HSD, and HSP indicated a doubly protonated residue. 
Protonation of Histidines

Analysis of structures from QM/MM simulations.
For the purposes of analyzing interactions in the active site of the enzyme, a hydrogen bond was defined as a hydrogen to acceptor distance of £ 2.6 Å (2.8 Å if the acceptor is sulfur) and a donor to acceptor distance of £ 3.5 Å (4.0 Å if the acceptor is sulfur), the angle between atoms forming the hydrogen bond must also be greater than 90°6. The contributions of different residues (e.g. to QM/MM electrostatic interactions) were calculated by individually deleting the residues (identified as important in the hydrogen bond analysis) from 110 snapshots in the dynamics trajectory in the reactant (R), transition state 1 (TS1), intermediate (Int), transition state 2 (TS2) and product complexes and recalculating the energy. The average electrostatic interaction energy is then the average of the difference between the original QM/MM electrostatic energy and the energy with the residue deleted. It is important to note that the interaction energies calculated in this manner correspond to complete deletion of a residue and also do not include the effects of dielectric shielding. As a result, the energies are not directly comparable to experimental results (e.g. G ‡ for mutated enzymes); however, this type of decomposition analysis is useful for identifying important interactions in enzyme-catalyzed reactions, e.g. identifying residues that have the largest effects on reaction barriers and reaction energies 7-10 .
Analysis of the interaction between Met53 and the NAD+ cofactor
Optimized model complexes representing the interaction of methionine with the nicotinamide ring of the NAD + cofactor did not show an interaction through the methyl group of methionine. Instead, a face-on complex between the sulfur of methylthioethane and the aromatic ring of the nicotinamide fragment was observed, with a similar interaction energy to that found for the face-on complex between the 4-methylimidazolium and methylthioethane [−11.9 kcal/mol nicotinamide / methylthioethane complex; −10.4 kcal/mol 4methylimidazolium / methylthioethane complex (MP2/aug-ccVTZ level with counterpoise correction for BSSE)]. Although a C-H … O hydrogen bond between the methyl and amide of the methionine and nicotinamide fragments is not a minimum energy structure for the model complex, this interaction is likely to be favorable, though weak. Recent NMR experiments have shown similar coordination of the methyl group of S-adenosylmethionine through C−H−O hydrogen bonds to tyrosine and glycine residues in the active site of lysine methyltransferase SET7/9 11 .
NBO analysis of the face-on complex
Natural bond order (NBO) analysis 12 (B3LYP/6-311+G(d,p)) of the model complex was carried out using Gaussian NBO version 3.1 with the RESONANCE keyword to allow for delocalized orbitals in aromatic systems. NBO analysis shows that the lone pairs of electrons on sulfur interact with several antibonding orbitals on the 4-methylimidazolium fragment, confirming that the interaction between the two fragments can in part be described as an nπ* interaction. However, second order perturbation theory analysis of the Fock matrix in the NBO basis indicates that the energy benefit from the favorable overlap is small (< 1 kcal/mol). Below is the summary of the NBO analysis and the second order perturbation theory analysis of the Fock matrix in the NBO basis. Full output of the calculation is available on request. 
Total unit 1 41.99203 (100.0000%) Charge unit 1 0.00797 
His-Met structural searches
Protein Data Bank
The co-ordinates of the interacting histidine and methionine from the QM/MM calculations were taken as a seed for a JESS 13 template search of a set of 2540 structures culled from the Protein Data Bank (http://www.pdb.org) 14 using PISCES 15 . Each structure had resolution of ≤ 1.6 Å and shared no more than 30% sequence identity with any other structure in the set. Briefly, JESS uses a kd-tree data structure and a back-tracking constraint solving algorithm to search structures for constellations of atoms, within a defined RMSD cut-off, which for this search was set to 1.0 Å. Only identical atom matches were allowed. Figure 3f in the main article shows the top ten hits resulting from the search.
Cambridge Structural Database (CSD)
Initial CSD search for ab initio optimized His-Met pair
The Cambridge Structural Database [CSD version 5.33 (November 2011) including three updates (May2012), using ConQuest version 1.14] contains 76 structures with a 4methylimidazole fragment (substituents on N and C unspecified, with 9 also containing a sulfur atom ≤ 5 Å (intermolecular) away from the methylimidazole/imidazolium ring centroid [CSD reference codes CAQYEY, CUPNEH, CUPNIL, CUPNOR, GEZYAL, GEZYEP, POMBEY, SOXMUN and YESHAF]. Manual inspection of these crystal structures revealed that none contain the imidazolium···C-S-C motif computed for the Met-HisH + model ( Figure  3 ). However, five entries did contain related features ( Figure S3 ). For example, the structures CUPNEH, CUPNIL and CUPNOR contain a distorted dimethyl sulfoxide (DMSO) molecule that is located very near an imidazolium ring. The shortest distance found is between the DMSO O-atom and one of the imidazolium ring atoms and the atoms are at a separation less than the sum of their van der Waals radii (Σ vdWaals(O+C) = 3.22 Å), strongly suggestive of a bonding interaction. These supramolecular features found in CUPNEH, CUPNIL, CUPNOR, POMBEY and YESHAF have not been commented on in the original publications [16] [17] [18] .
Directionality of face-on interactions involving (neutral, protonated or coordinated) imidazole
A model of the imidazole(ium) fragment was developed with geometric parameters as shown in Figure S4a . The distances m, n, o, p, q and r, as well as the angles α, β, γ and ε were measured using ConQuest; their average values and standard deviations are listed in Table  S4 . Based on these measurements, assuming that [x, y] in C 1 is [0, 0], and that C 1 -H 1 is on the y-axis, the x and y values for all atoms can be derived as follows (see Figure S4a -c, Table S5 ).
The pentagon C 1 -N 1 -C 2 -C 3 -N 2 is confined within a square with x = 2m x and y = m y +n y , meaning that the x-value for N 1 and N 2 is ±m x , and that the y-value for C 2 and C 3 is -(m y +n y ). The y-value for N 1 and N 2 is -m y , while the x-value for C 2 and C 3 is ±(0.5o+n x ). As α and β are known, α' and β' are know as well, with which m x , m y , n x and n y can thus be computed. H 1 is naturally located on [0, r]. The C 2/3 -H 2/3 distance p can be seen as the diagonal through a rectangle with x = p x and y = p y . Likewise, the N 1/2 -X 1/2 distance q can be seen as the diagonal of rectangle with x = q x and y = q y . Since both γ and ε are known, γ' and ε' are known as well, from which p x , p y , q x and q y can thus be derived. The x-value for H 2/3 then is ±(m x +p x ); its y-value is -(m y +n y +p y ). X 1/2 is located on x = ±(m x +q x ) and y = -m x +q y . Finally, the ring centroid can be derived by taking the average x-and y-values of C 1 -N 1 -C 2 -C 3 -N 2 , which numerically results in [0, -1.125]. For the construction of our model, it was assumed that all atoms in the ring, as well as the ring centroid, were perfectly aligned with the xy plane, so that in all cases z = 0. The x, y, z-coordinates of all atoms belonging to the model ring are thus known and given in Table S5 .
To generate the space-filling model used in our analysis, the van der Waals (vdW) radii of the atoms must be known as well. The vdW radii of C (1.70 Å), N (1.55 Å) and H (1.09 Å) are known 19 . Because the identity of X 1/2 was unspecified, its identity was measured using ConQuest, wherefrom the average vdW radius was computed (see Table S5 ) by assuming van vdW radii listed elsewhere 19 . Using these vdW radii, the individual atoms were drawn as parts (.ipt extension) using Autodesk ® Inventor ® Professional 2012. The parts were then placed into an assembly file (.iam extension), where they were positioned so that the ring centroid and the [x, y, z] centre of the assembly file were aligned. The parts in the assembly file were merged into one body using the 'Shrinkwrap' function in Autodesk ® Inventor ® , resulting in a new part file (.ipt extension); this is thus the model used ( Figure  S4d-e ).
The Cartesian coordinates of the electron rich atom (El.R.) that is potentially interacting with an imidazole(ium) ring were initially determined relative to C 1 as point [0,0,0] (See Figure S4b-d ). For this purpose, two parallel displacement parameters were computed ( Figure S4b -c) using Pythagoras' theorem; r (relative to the ring cetroid) was computed based on the ring centroid -El.R. distance (D) and the ring plane -El.R. distance (d, see also Figure S4f ); r' was derived from the C 1 -El.R. distance and the ring plane -El.R. distance. These two distances (r and r') together with the distance from C 1 to the ring centroid (which is known), thus make up the irregular triangle (T1) represented by the red dashed lines in Figure S4c . As the length of all three sides (labelled r, r' and c) of this triangle are known, its angles can be calculated. The angle relevant for present purposes, namely α, can thus be derived, from which α' follows. This angle (α') together with the steep side (r') of the regular triangle (T2) shown in grey in Figure S4c then enable the computation of x and y according to equations S1 and S2 respectively:
When the electron rich atom was situated directly above the y-axis, α could not be computed. In these instances, when r' = r, then y = -r' = -r; when r' < r and r > 1.125, then y = r'; in all other cases y = -r'. The z-axis is given by the distance from the electron rich atom to the ring plane. Adding 1.125 to the y-values of the data thus computed gives the y-value relative to the ring centroid.
An electron rich atom ('El.R.'; halogen, N, O, P, S, As, Se, Te) was considered as potentially interacting with our model ring when the intermolecular distance D was ≤ 5 Å relative to the ring centre of our model ( Figure S4f ). Other measurements used in our statistical analysis are the C 1 -ring centroid-El.R. angle (α) and the El.R.-ring plane distance (d). Using Pythagoras' theorem, the parallel displacement parameter (r) could be derived from D and d. To inquire after the directional nature of the interaction between an electron rich atom (generally) and our model imidazole(ium) ring, two separate statistical analyses were performed. The methodologies used for these analyses are illustrated in Figure S4g -j and Figure S4k -m, and concern the evaluation of CSD data in the xy-and yz-plane of the imidazole(ium) model respectively.
As D (see Figure S4f ) can be 5 Å maximally, the hits retrieved from the CSD are contained within a sphere with a radius of 5 Å. The subset of these data wherein d ≤ 2 Å is thus contained within a spherical segment with a width of 10 Å and a height of 4 Å (2 Å above and below the xy plane, see Figure S4g -j). This spherical segment can be divided into geometric objects as a function of α. The data below a certain value of α are thus located within a spherical cone with cone angle α. As an example, Figure S4g -i shows such a spherical cone with a cone angle of 5º. At certain values of α however, the base of the spherical cone will exceed the boundary set by the spherical segment. Thus, the body in which the data can be located equals a spherical cone that has the 'top' (+z) and 'bottom' (z) sliced off (in between z = ± 2Å) so that the body fits the spherical segment; Figure S4j shows an example where α = 60º.
The 'free' volume in between two values of α wherein an electron rich atom can actually be located, is given by the volume of the body in between those two values of α, minus the volume that the model imidazole(ium) occupies there. To derive these data, the bodies in between α a and α b were drawn in Autodesk ® Inventor ® Professional, with 5º increments, until α = 90º. Mirroring these bodies along the xz plane then gives the bodies for α = 90-180º. The volume of the model ring as a function of α was also computed using Autodesk ® Inventor ® Professional, by calculating the interfering volume between the model ring and the bodies with α = 0-180º (with 5º increments).
The volume fraction (V a-b ) could thus be computed by dividing the 'free' volume in between α a-b by the total 'free' volume within the 10 Å wide and 4 Å high spherical segment. Likewise, the hit fraction (H a-b ) can be obtained by dividing the number of hits with α a-b by the total number of hits found with D ≤ 5 and r ≤ 2 Å. The ratio H a-b /V a-b represents the probability (P a-b ) to find a hit within each volume considered (in between α a-b ). By default, P equals unity for a random distribution; for attractive interactions, P is expected to be > 1, while P < 1 is indicative of a repulsive interaction. Plotting P as a function of α will thus reveal any nonaccidental special distribution of hits around the periphery of our model in between α = 0º (on the y-axis, next to H 1 ) and 180º (on the y-axis, in between H 2 and H 3 ), where the data at α = 90º are located in the xz plane (see Figure S4g and h). Due to the symmetric nature of the model, such plots reveal the data for the asymmetric unit only (so in between |z| ≤ 2 Å and |x| ≤ 5 Å).
The method used for our second analysis is similar to -but distinctly different fromthe one described above. The subset of the data originally retrieved from the CSD (D ≤ 5 Å) wherein |x| ≤ 2 Å) contains hits that are located within a 10 Å wide and 4 Å high spherical segment that is centered at the zy-plane (see Figure S4k -m). This spherical segment can be divided into geometric objects as a function of r. The data below a certain value of r are located within a body that is a cylinder plus two spherical caps (top and bottom), all with a basal radius of r. As an example, Figure S4k -m shows such a body with r = 0.25 Å. Above a certain value of r however, the edges of the body will exceed the boundary set by the spherical segment. Thus, the body in which the data can be located equals a cylinder and two spherical caps that has the 'left' (-x) and 'right' (+x) sides sliced off (in between x = ± 2 Å) so that the body fits the spherical segment. The 'free' volume in between two values of r wherein an electron rich atom can actually be located, is given by the volume of the body in between those two values of r, minus the volume that the imidazole(ium) model occupies there. Due to the asymmetric nature of the model along the zy plane, the bodies that were actually drawn in Autodesk ® Inventor ® Professional were a half cylinder with the corresponding half spherical caps on the top and bottom. Such bodies were generated for r = 0 -5 with 0.25 Å increments, and centred at the x-axis with the round side pointing in between the two N-atoms (so towards H 1 ); the data that is found within these bodies is thus also characterized by α < 90º (see Figure S4l ). Mirroring these bodies along the xz-plane then gives similar bodies wherein the round sides are pointing away from the two N-atoms (so in between H 2 and H 3 ); the data that is found within these bodies is thus also characterized by α > 90º (see Figure S4l ). The volumes of these (10/0.25=) 40 bodies, as well as the volume of the model ring within these bodies was computed as a function of r (and α) using Autodesk ® Inventor ® Professional.
The volume fraction (V a-b ) could thus be determined. After determining the hit fraction (H a-b ) of the CSD data in between |x| ≤ 2 Å and |z| ≤ 5 Å, the Probability (P a-b ) could be computed as a function of r. Again, P should by default be unity for a random distribution, while P > 1 and P < 1 are indicative of attractive and repulsive interactions respectively. Plotting P as a function of r will thus reveal any non-accidental special distribution of hits around our model in between |r| = 5 Å; α = 0º (on the y-axis, next to H 1 ) and |r| = 5 Å; α = 180º (on the y-axis, in between H 2 and H 3 ). The data at r ≤ 2.5 Å are located above/below the ring in the xy plane (see Figure S4l ). Due to the symmetric nature of the model, such plots reveal the data for the asymmetric unit only (so for |x| ≤ 2 Å and |z| ≤ 5 Å).
The P vs. α or r plots for these two distinct analyses are shown respectively in Figure  S5a and S5b. Figure S5c -f shows the P vs. r plots of more specific datasets (i.e. where El.R. is specified). Figure S5h -i sows plots of the hit fraction (within bodies selected based on Figure S4k -m) as a function of D ( Figure S5h ) or d ( Figure S5i ), which can reveal any potential overlap of van der Waals shells of interacting partners (highly suggestive of bonding interactions).
These data suggest that the most common mode of interaction between an electron rich atom and an imidazole(ium) ring is through hydrogen bonding (P > 1 @ α < 30° and > 150° ( Figure S5a ) and @ r > 4 Å ( Figure S5b) ). Generally (N as El.R. is the exception, see Figure  S5g ) H1 is a better hydrogen bond donor than H2 and H3 (i.e. the probability P of a hit being within a certain volume at a displacement r = 4 -5 Å is higher at α < 90º than at α > 90º and more hits fall within the benchmark for van der Waals overlap ( Figure S5h) ). Although less pronounced than H-bonding, the El.R.π interaction is evident as a general motif as well, as P > 1 around r = 0 (see Figure S5b-d) . Actually, examination of the hit fraction within the region defined by r ≤ 0.5 Å revealed that about 20% (integration was carried out till the nearest data point of 3.2 Å) of the El.R atoms are within a distance highly indicative of van der Waals overlap with the central imidazole(ium) ring (i.e. C + F = 3.17 Å, see Figure S5i ).
The structures that contain the molecule pairs complying to these strict criteria (i.e. r ≤ 0. Table S2 . Small molecule calculations with various QM methods to assess the accuracy of the AM1 method for the calculation of the reaction energy for the nucleophilic displacement reaction catalyzed by PTDH (Figure 1 ). Table S5 . Parameters (measured and derived) and Cartesian coordinates (relative to C 1 ) involved in the development of the imidazole(ium) model (see also Figure S4 ). Table S6 . Preparation of the PTDH model from the crystal structure 4E5K 4 : missing residues (blue), sequence / structure mismatches (black) and sidechain flips as predicted by WHATIF 20 (green). Residues for which side chain electron density was partially missing are shown in orange. Note that for the QM/MM calculations the model is truncated to a 25 Å sphere centered on the NAD + cofactor in chain A, so the final model includes parts of chains A, D and F. The QM/MM model was prepared from a structure earlier in the refinement process than the deposited version 4E5K which is why there are some variations from the final structure. However, none of the missing or mutated residues feature in the final QM/MM model. (g-j): Illustrations of the method used to analyze the statistical preference of hits around the periphery of the imidazole/imidazolium model within a 10 Å wide and 4 Å high spherical segments centered at the xy-plane viewed along the z-axis (g) the x-axis (h) and perspective views (i, j); (k-m): Illustrations of the method used to analyze the statistical preference of hits around the imidazole/imidazolium model ring within a 10 Å wide and 4 Å high spherical segments centered at the yz-plane viewed along the z-axis (k) the x-axis (l) and perspective view (m). The red sphere illustrates the location of the ring C/N centroid defined as [0,0,0]. Figure S5 . Results of statistical analyses: (a) Probability (P) as a function of α (see Figure  S4 ) within a 10 Å wide and 4 Å high spherical section centered on the xy plane (N = 1985); (b) Probability (P) as a function of r (see Figure S4 within a 10 Å wide and 4 Å high spherical section centered on the yz plane (N = 2529); (c-g): Plot of the probability (P) as a function of r (see Figure S4 ) within a 10 Å wide and 4 Å high spherical section centered on the yz plane wherein the electron rich atom is: F, N = 459 (c); O, N = 580 (d); S, P, As, Se, Br, Te, I, N = 262 (e); Cl, N = 357 (f); N, N = 871 (g). (h, i): Plots of the hit fraction (in percentages) as a function of: (h) D, as found within the volumes characterized by |d| (or |z|) ≤ 2 Å and α ≤ 25º (left, N tot = 365) or α ≥ 155º (right, N tot = 313); (i) d, as found within the volumes characterized by D ≤ 5 Å and r ≤ 0.5 Å (N tot = 75). The inset figures are shown as a guide to the eye.
Parameter
